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We extend the standard model to include a weak-triplet and color-octet scalar. This 'octo-triplet' 
field consists of three particles, two charged and one neutral, whose masses and renormalizable 
interactions depend only on two new parameters. The charged octo-triplet decay into a W boson 
and a gluon is suppressed by a loop factor and an accidental cancellation. Thus, the main decays 
of the charged octo-triplet may occur through higher-dimensional operators, mediated by a heavy 
vectorlike fermion, into quark pairs. For an octo-triplet mass below the th threshold, the decay 
into Wbh or Wbs through an ofF-shell top quark has a width comparable to that into cs or cb. 
Pair production with one octo-triplet decaying into two jets and the other decaying into a W and 
two soft b jets may explain the dijet-plus-M^ excess reported by the CDF Collaboration. Using a 
few kinematic distributions, we compare two mechanisms of octo-triplet pair production: through 
an s-channel coloron and through the coupling to gluons. The higher-dimensional operators that 
allow dijet decays also lead to CP violation in Bg — Bg mixing. 



1 Introduction 

Scalar fields transforming as octets under SU{3)c, 
the color group of the strong interactions, have been 
studied in various contexts. The simplest type of 
color-octet scalar is a singlet under the SU{2)\y 
group of the weak interactions, and may be referred 
to as an 'octo-singlet'. These lead to pairs of dijet 
resonances at hadron colliders [H [2], and may ex- 
plain [3] some deviations from the standard model 
predictions in the 36 search performed by the CDF 
collaboration [3j. They also enhance the standard 
model Higgs boson production through gluon fusion 
[5]. Octo-singlets appear as composite particles due 
to technicolor [6] and other strong-coupling dynam- 
ics [3 [8] , or as elementary particles in 6-dimensional 
extensions of the standard model [H] and in theories 
with an extended color group [3l [10] . 

Weak-doublet color-octet scalars (i.e., 'octo-dou- 
blets') differ dramatically from octo-singlets because 
the standard model gauge symmetry allows renor- 
malizable couplings of octo-doublets to the standard 
quarks [TT]. Only if these couplings are highly sup- 
pressed or aligned with the standard model Yukawa 



couplings can the octo-doublets be light enough to 
be produced at the LHC [12] . An octo-doublet field 
includes four color-octet states: a charged particle, a 
neutral one and their antiparticles. The hadron col- 
lider signatures of octo-doublets have been explored 
in [I3l[ll]. 

In this paper we study 'octo-triplets': real scalar 
fields that transform in the adjoint representation, 
(8,3,0), of SU{3)c X SU{2)w x [/(l)y. An octo- 
triplet field includes three color-octet states: a par- 
ticle of charge +1, its antiparticle, and a neutral 
real particle. Akin to octo-singlets, octo-triplets are 
pair produced at hadron colliders through their cou- 
plings to gluons, and cannot decay into standard 
model fermions at renormalizable level because the 
Yukawa couplings are not SU{2)w x U{1)y invari- 
ant. Unlike octo-singlets, octo-triplets cannot decay 
into gluons unless there are additional fields that 
generate certain dimension-7 operators. 

One-loop decays of octo-triplets into a gluon and 
an electroweak boson are allowed, leading to inter- 
esting collider signatures involving two gluons and 
two electroweak bosons. We will show, however, 
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that the rate of these decays is accidentally sup- 
pressed by two orders of magnitude compared to 
usual 1-loop estimates. Thus, new heavy particles 
could induce the dominant octo-triplet decay modes. 

In the presence of some vectorlike quark of mass 
in the TeV range, the charged octo-triplet may de- 
cay into a pair of standard model quarks, or into a 
W boson and a pair of quarks if it is lighter than the 
top quark. This leads to a variety of collider signa- 
tures, including a dijet resonance, a W boson and 
two softer jets. If the octo-triplet mass is in the 150 - 
170 GeV range, this signature may explain the 4.1a 
excess observed by the CDF Collaboration in the 
dijet resonance plus W final state [151 Hsj^ . Some 
alternative explanations can be found in [3].[18j-[20]. 
At the LHC, octo-triplets with much larger masses 
(~1 TeV) may be probed in several final states. 

Octo-triplets may be elementary particles {e.g., 
part of the 75 representation of SU (5) grand unifica- 
tion), or may arise as composite ones, for example as 
fermion-antifermion bound states [8]. We treat the 
octo-triplets as point-like particles, which is a good 
approximation only when the compositeness scale is 
substantially higher than the octo-triplet mass. 

In Section 2 we analyze the extension of the stan- 
dard model by one real octo-triplet field. Section 
3.1 introduces a heavy vectorlike quark which medi- 
ates octo-triplet decays into standard model quarks. 
Section 3.2 discusses flavor-changing processes. The 
Tevatron phenomenology of charged octo-triplets is 
explored in sections 3.3 (QCD pair production) and 
3.4 (resonant pair production). The predictions for 
LHC are discussed in section 3.5. Our conclusions 
are summarized in Section 4. In the appendices 
we present the Feynman rules for octo-triplets, and 
then we compute the rates for the 3-body weak de- 
cay of the charged octo-triplet and for the 2-body 
1-loop decays of color-octet scalars. 

2 Octo-triplet scalar 

We consider the standard model plus an octo-triplet, 
0'^'^, which is a real field of spin transforming 
as (8,3,0) under the standard SU{3)c x SU{2)w x 
U{1)y gauge group. We use indices from the begin- 

'^The DO search in the same channel I17| has a larger back- 
ground and less data, so that it might not be sensitive enough 
to the signature proposed here. 



ning of the Roman and Greek alphabets to label 
the SU{3)c and SU{2)]y generators, respectively: 
a, 6, c = 1, . . . , 8 and a, /3, 7 = 0, 1, 2. 

2.1 Interactions and masses 

All interactions of the octo-triplet with standard 
model gauge bosons are contained in the kinetic 
term 

^(D^e'^°)(D'^G'^") , (2.1) 

where /i is a Lorentz index and the covariant deriva- 
tive is given by 

D^G"" = 5^9"" + gsf^^G^^Q"" + ge^'^^'W^Q"^ . (2.2) 

Here f"'^'^ and e°'^"' are the totally antisymmetric 
tensors of the SU{3)c and SU{2)w groups, respec- 
tively, Qs and g are the SU{3)c x SU{2)yy gauge 
couplings, is the gluon field, and is the weak 
gauge field. The octo-triplet field includes three par- 
ticles: an electrically-neutral color-octet real scalar 
Q'^^, a color-octet scalar of electric charge +1, 0"+, 
and its antiparticle 0"~: 

e-^^ = ^ (6^1 T i0"2) . (2.3) 
v2 

When referring informally to the octo-triplet parti- 
cles we use the O^ and 0" symbols without display- 
ing the color index a. 

The kinetic term (j2.ip includes interactions of 
the W boson with two octotriplet particles, 

- igW- [(9/,0''+)0"° - 0"+5^0"°] + H.c. , (2.4) 

and also with an additional gluon: 

2iggJ'''"'Gf"' (W^e^- -W-&''+^e''° . (2.5) 

Similar interactions involve a Z boson and two octo- 
triplet particles of the same charge, with or without 
an additional gluon. The interactions of like-sign 
octo-triplets with one or two gluons (photons) are 
completely specified by QCD (QED) gauge invari- 
ance. The Feynman rules for octo-triplets are given 
in Appendix A. 

The mass of the octo-triplet arises from two terms 
in the Lagrangian: 

- ^ (^M^ - XhH^H^ Q'^^Q'^'^ ^ (2.6) 
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where Xh is a real dimensionless parameter. The 
VEV of the standard model Higgs doublet H has a 
value vh — 174 GeV, so that the mass of the octo- 
triplet field is 



Me 



Mi 



H 



(2.7) 



We require Me > [i.e., 0"" does not acquire a 
VEV) in order to preserve 5[/(3)c gauge invariance. 

The commutation relations of the Pauli matri- 
ces cj" imply that other operators contributing to 
the octo-triplet mass, such as {H^ a'^a'^ H)Q''°'Q''^ , 
are either identical to the last one in Eq. (|2.6|) or 
vanish. Thus, at tree level and are degener- 
ate states, having masses equal to Mq. At one loop, 
the electroweak interactions break this degeneracy. 
The mass splitting between the charged and neutral 
octo-triplets is [21] 



6M = Mq+ - M, 



©0 



1 — cos 6w 



aMw (2. 



up to corrections of order (Mvi//Me)^. We will see 
shortly that the octo-triplets have lifetimes much 
longer than the QCD scale, so that they hadronize. 
The lightest physical states are "octo-hadrons" given 
by a or bound to gluons or quark-antiquark 
pairs. The mass difference 5M between the light- 
est charged and neutral octo-hadrons is of the same 
sign and order of magnitude as Mq+ — Mqo , so that 
5M ~ 0.2 GeV. 

SU{2)y/ X U{1)y gauge-invariance forbids any 
renormalizable interaction of the octo-triplet with 
standard model fermions. The most general renor- 
malizable Lagrangian {Cq) for the octo-triplet scalars 
is given by the kinetic term ()2.ip , the potential terms 
quadratic in given in Eq. (j2.6p . as well cubic 
term and quartic terms: 



(2.9) 



where Ae > is a dimensionless parameter, and for 
simplicity we display only one quartic term. The 
mass parameter jiQ may be positive or negative, but 

— 1/2 

its size should not be larger than 0(MeA^ 



m 



order to prevent a G VEV. The above cubic term 
gives the following interaction among the charged 
and neutral octo-triplet particles: 



cO 



(2.10) 



2.2 Collider signals of octo-triplets 

In the —7- limit, the Lagrangian Cq has an ac- 
cidental Z2 symmetry that makes the lightest octo- 
triplet {i.e., Q^) stable. The charged octo-triplet 
decays at tree level into G'' and an off-shell W bo- 
son. Computing the 3-body width to leading order 
in 5M (Appendix B) we find 



r(G±^GVz^) 



a 



{5Mf 



IbTTsin^ew M,i 



(2.111 



Given the small mass splitting 6M ~ 0.2 GeV [see 
the comment after Eq. (12. Sp ]. the only other rel- 
evant decay mode is G^ — )■ Q^n^u with a decay 
width further phase-space suppressed compared to 
Eq. (j2.1ip . Hence, the total tree-level width of G^ 
is rtree(G±) ~ 1.8 X lO^^^ GeV. This 3-body decay 
width corresponds to a decay length of 1.1cm. 

For /ie / 0, the charged octo-triplet decays into 
gauge bosons at one loop, with Wg being the only 
2-body final state allowed by charge conservation. 
The diagrams responsible for this decay are shown 
in Figure [TJ The computation of the decay width 
described in Appendix C gives 



r(G^ 



aa, 



vr^ sin^^vy^e 



^^f{Mw/Me) , (2.12) 



where the function f{R) is defined in Eq. (jC.Sp . 
For Me varying between 150 GeV and 1 TeV, f{R) 
grows from (4.0 — 10.3) x 10~^, corresponding to 
r(Q±^Ty±5) in the (4.3-11.2) x 10-'^//|/Me range. 
While one might naively expect f{R) to be of or- 
der one, this function is accidentally suppressed: 
/(O) oc (vrVO - 1)^ as shown in Eq. ([UtUI) . while 
for larger values of R, the function decreases further 
due to phase space suppression. 



e^ 



9+ ''■vj.o.o.ii.ft/ g 



e+""\ 



w+ 



Figure 1: Charged octo-triplet decay to a W boson 
and a gluon. 
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The neutral octo-triplet also decays at one loop, 
into a gluon and Z boson or photon, with partial 
widths 



r(GO 



3, fn'^M f(Mz/Me) , 

TT-^ tan^^vy-'^^e 



75, 



TT^Me 



(2.13) 



When Me varies between 150 GeV and 1 TeV, the 
branching fraction for &^ — t- jg decreases from 53% 
to 24%. The decay — )■ gg does not occur at one 
loop due to SU{2)w invariance (this decay requires 
a dimension-7 operator involving two Higgs fields). 

At hadron colliders, octo-triplets are copiously 
pair produced due to their QCD couplings to gluons. 
The rate for 0'^©'' production is the same as for an 
octo-singlet of same mass [21 13], while 0+0~ pro- 
duction is twice as large (additional contributions 
due to photon and Z exchange are negligible). In 
Figure [2] we show the leading order 0+0~ produc- 
tion cross section at the Tevatron and LHC, com- 
puted with MadGraph 5 [22J (with model files gen- 
erated by FeynRules [23j ) using the CTEQ 6 parton 
distribution functions [24J. The QCD corrections 
are not included in this plot; we expect their inclu- 
sion to shift these curves upwards by 0(50%). 

Note that single octo-triplet production (through 
diagrams similar to those in Figure [1]) is negligible 
because it is suppressed by a loop factor, the weak 
coupling constant, and (/ie/Me)^. 

The e°e° pair leads to {Zj){Zj), {-fj){Zj) and 
{lj){l3) final states, where j is a gluonic jet and 
the parantheses indicate that the two objects form 
a resonance of mass Mq. The G+G^ pair leads to 
{W+j){W-j) final states, unless ii%/Mq < 0(10"^) 
GeV which leads to a large branching fraction for 
the G^ — )• Q^e^u decay. This latter case gives the 
same final state as in G'^G'^ production because the 
electron and neutrino are very soft and most likely 
do not pass the cuts (even when is boosted the 
electron is not isolated). If Hq/Mq ~ 4x 10~^° GeV, 
then the 2- and 3-body decays of G^ have com- 
parable widths, so that the G+G^ pair leads to 
(Wj){Zj) and (Wj){'yj) final states, with the {Zj) 
and (jj) vertices originating from displaced vertices. 

Let us briefly discuss the {W~^j){W~j) signal at 
the LHC, where the production cross section, Fig- 
ureEl can be very large. This flnal state is most eas- 
ily identified when one W decays leptonically while 
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Figure 2: Leading order cross section for charged 
octo-triplet pair production at the Tevatron (black 
solid line) and LHC at y/s = 7 TeV (red dashed line) 
and at ^/s = 14 TeV (blue dotted line) . 



the other decays hadronically with an overall W+Aj 
signature. The W decay products reconstruct W 
resonances and can thereby be isolated from the 
other jets in the event. These remaining jets can 
then be grouped alongside the known W decay prod- 
ucts and used to reconstruct pairs of octo-triplet 
resonances. Backgrounds to this signature include 
W+ jets production and ti pair-production, the lat- 
ter of which can be substantially reduced by anti-6 
tagging. 

Besides nonresonant pair production, octo-triplet 
scalars may induce resonant signatures at hadron 
colliders because, like other long-lived colored par- 
ticles [25l [26], they form bound states. If the octo- 
triplet width is much less than the binding energy 
Eq due to gluon exchange, then bound states form 
before either particle decays. This is the case for 
all values of Mq and hq, as the dominant 2-body 
octo-triplet width given in Eq. (j2.12p easily satisfies 



r(G± ^ W^g) ^Eb = M@ 



(2.14) 



For simplicity, we consider only the formation of 
color-singlet bound states B; this is the dominant 
channel and our qualitative conclusions apply to dif- 
ferent color-representations of bound states. 

The bound states annihilate into gauge-boson 
pairs before either constituent decays. Bound states 
of neutral octo-triplets can only annihilate through 
the processes G^G" B —?- gg,W~^W~ , while the 
annihilation of bound states of charged octo-triplets 
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yields a rich variety of vector boson pairs: Q^Q — )■ 
gg,W+W-,ZZ, 77, jZ. 

Given that the bound-state effects are mainly 
due to gluon exchange, the production of the G+B" 
bound state is approximately equal to that of octo- 
singlets computed in [8]: for Mq « 150 GeV the 
Tevatron cross section is (7{pp — ~ O(IOO) fb. 
Since the width r(0^— )• W^g) is orders of magni- 
tude smaller than the main channel for bound states 
T{B — )• gg) ~ 0.04 GeV [8], the annihilation domi- 
nates and yields dijet resonances with invariant mass 

= 2Mq — Eq. This cross section is too small to 
be observed at the Tevatron. 

At the LHC, the bound state production cross- 
section can be considerably larger. For Mq ~ 1 TeV, 
the cross section is a{pp — )• ;B) ~ 0(1 pb) ^26] at 
y/s = 14 TeV, which might allow the annihilation 
signal to compete with the QCD background and 
give an observable resonance. The electroweak di- 
boson channels are suppressed relative to gg^ but 
give cleaner signals, which contribute to standard 
Higgs searches. 

While the above discussion has been limited to 
the dominant color-singlet bound state, octo-triplets 
can also form bound states in higher color repre- 
sentations with exotic annihilation signatures. For 
instance, color-octet bound states annihilate into ei- 
ther ^g or Zg regardless of whether the bound state 
comprises charged or neutral scalars. 

3 Octo-triplet decays via higher- 
dimensional operators 

Since the octo-triplet widths in Eqs. ([2TT]) - ([2T2]) 
are tiny, higher-dimensional operators induced at 
the TeV scale could lead to other decays with sub- 
stantial branching fractions. 

Dimension-5 operators allow the coupling of an 
octo-triplet to a pair of standard model quarks in- 
volving a derivative, 

^0aag2r«^7^Z)^Qi+H.c. , (3.1) 
or in the presence of the Higgs doublet, 

Qa.-QiTa<^(<LHu^r, + ^Hd'r\ . (3.2) 

2 " "-J 




Figure 3: Charged octo-triplet decay to quarks in 
the presence of a vectorlike quark doublet ^ = 
mass mixing of ^ with the standard 
model quarks is depicted by x. Similar diagrams 
lead to the decay of the neutral scalar into quark 
pairs. 

Q\, u^^ and d?^ are the quark fields in the gauge 
eigenstate basis; z,j = 1,2,3 label the fermion gen- 
eration; cj" is a Pauli matrix; is the mass of 
some heavy field that has been integrated out; and 
Cjj, c'^ and c'l^ are dimensionless coefficients. Using 
the field equations, one can replace the last opera- 
tor, with coefficient c^^-, by a linear transformation 
(involving the standard model Yukawa couplings) of 
the Cij and c^j coefficients. 

3.1 Octo-triplet plus a vectorlike quark 

The dimension-5 operators (|3.ip and (|3.2p can be 
induced, for example, by a heavy vectorlike quark ^' 
that transforms as (3, 2, 1/6) under SU {3)cXSU (2)\y 
xU{1)y, i-e. the same way as SM quark doublets 
Q^. Renormalizable interactions of ^ with the octo- 
triplet, 

£e„ = 9""^,? {viQi + V^^l) + H.c. , (3.3) 

and with the Higgs doublet, 

CH^=^L{x'^Hu], + XfHd],) , (3.4) 

are allowed. Here rji, i]^, Xf and Xf are dimen- 
sionless couplings and H = ia'^H^ . Gauge-invariant 
fermion mass terms are also allowed: 

- m^'^L'i'R - f^i'Ql'i'R + H.c. (3.5) 

For ^ -^e, the ^ fermion can be integrated out, 
giving rise to the operators (|3.ip through the jCei- 
interactions, and to the operators (j3.2p through a 
combination of £9111 and Ch'S' interactions. 
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Let us assume for simplicity that A" and are 
negligible, and that the mass mixing parameters sat- 
isfy /ij <C m^. In this case the coefficients Cij can be 
computed in the mass insertion approximation: 



(3.6) 



These are the coefficients at the scale m^; running 
down from to Mq may change Cjj at Mq by an 
0(1) factor, which we can absorb into the definition 
of rji. 

Using the quark field equations, we find that Eq. 
contains the following interactions between 
and the mass-eigenstate quark fields [/* and D^: 



{CVKu)ij'rndTR 



+ H.c. (3.7) 



where Vkm is the CKM matrix, and m„., rudi 
physical masses for the quarks of the ith generation. 
The 3x3 matrix C is given by 



C 



(3.8) 



where c is the matrix whose elements are given in 
Eq. ()3.6p . and is the matrix that transforms 
the left-handed up-type quarks from the mass eigen- 
states to the gauge eigenstates, u = Vu]^U . 

Based on interactions (|3.7p we find that the width 
for the decay of the charged octo-triplet into a quark 
pair is 



r(e" 



— ;> cs ~ 



ml + ml 
647rm^ 



1^22 1 'Me 



(3.9) 



where we have omitted 0{m'^) terms and off-diagonal 
CKM elements, and have not included QCD correc- 
tions. Taking the charm quark mass mc = 1.3 GeV 
gives 



r(G^ 



cs) 



1.3 X 10^6 GeV ICoaP 



22 1 
2 



Me flTeVY 



Compared with the decay into Wg computed in 
Eq. ()2.12p . the above G"*" decay into a pair of jets 
can easily dominate. For example, for Me = 150 
GeV, HQ = 1 GeV, C22 = 0.1, and = 1.1 TeV, 
we find r(G+^ cs) ~ ^.7T{Q+ g). 



The width for the decay into c6 is sensitive to 
different Cij parameters: 



r(Q+^ ch) ^ 1 
r(G+^ cs) ~ Jg~ 



22 



\r I 

— 9 1^23 

mi 



32 1 



(3.11) 



where m;, ~ 4.2 GeV is the b quark mass. 

If Mq > mt + mi,, the decay involving a top 
quark opens up: 



T{e+^tb) ~ 2.2 X 10^2 Qgy |(<7^g|2 



Me /ITeVy 
^ 150 GeV V J 



1- 



(3.12) 



where we have set mt = 173 GeV and ignored 
terms. Due to an ml/m^ enhancement compared 
to Eq. (j3.9p . this decay dominates unless IC33I < 
10-2|C22|- The decay Q+^ts has the same width 
except for the C33 — )• C23 replacement. 

Similar expressions give the 2-body widths for 
the neutral octo-triplet decaying to cc, 66, or top 
pairs if Mq > 2mt. 

The m^ / m^ enhancement in Eq. (j3.12p is so large 
that even for Me < mt + m^ the 3-body decay 
through an off-shell top quark, Q+— )• VF+66, needs 
to be taken into account. Its width is 



r(Q+^ 1^+66) 



I /—f |2 4 

a|C33r"T-f 
647r2 siv?9w m'^ 



F{Mq) . (3.13) 



The the function of mass dimension —1, is given 
by integrating the matrix element over phase space: 



F{Me) 



(Eo-Eh)-! 



{Ml 



ml + mf^Y + "^t 



(3.14) 



.0 - 2Me^-b 

where Eq is the maximum energy of the 6 or 6 jet. 



Si 







2Me 



(3.15) 



and E^^^ is the maximum 6 energy for a fixed 6 
energy E^, 



Eb 



En — Eh 



1 - 2E-jMe 



(3.16) 
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In Eq. (j3.14|) we neglected mf, everywhere (which is 
a good approximation for <C Eq) with the ex- 
ception of the denominator where the term be- 
comes important for Mq near the 2-body threshold, 
nit + iTib- To cover that case we also included the 
top quark width, Ft ~ 1.3 GeV, in the propagator. 
Numerically, the 3-body width can be written as 



SL 



(3.17) 



r(G+-^T^+66) ~ 2.9 X 10"^ GeV IC33P 

^^■(ISOGeV)^ J 

The ratio J"(M0)/J"(15O GeV) is given by 1.51 for 
Me = 155 GeV, and by 2.28 for Me = 160 GeV. 

It is remarkable that the above 3-body decay 
through a virtual top quark has a width close to 
that for the 2-body decay into cs, given in Eq. (j3.10p . 
Assuming for illustration that | C23 1 , | C32 1 <C | C22 \ = 
IC33I we find that the branching fraction into Wbb 
is 69, 76, 82% for Me = 150, 155, 160 GeV, respec- 
tively. 

Finally, the decay 0+— >■ Wbs, of width 
IC23P 



T{e+^W+bs) 



■T{Q+^W+bb) , (3.18) 



may also have a substantial branching fraction if the 
C23 parameter is large. In that case, though, the 
main competing channel is likely to be O"*"— )• cb, as 
can be seen from Eq. p. lip . 

3.2 Bg ~ Bg mixing 

Since ^ has flavor-dependent couplings, its interac- 
tions can contribute to flavor-changing neutral pro- 
cesses. The largest couplings are to the 3rd and per- 
haps 2nd generation quarks, so that we expect that 
the most prominent effect is in Bg — Bg meson mix- 
ing. This proceeds through the tree-level diagram 
in Figure m Integrating out Q and ^ generates the 
effective four-Fermi operator 

v2 



C23 rrih 



-V&ijT"si)' + H.c. (3.19) 



y2Mem^y 

Here we have used the fermion field equations and 
ignored terms suppressed by factors of ms/m}j. 

The matrix element of the Hamiltonian due to 
0*^ exchange is 



{Bg\'He\Bg 



C23 
Mem^ 



5B2 + 3B3 



288 



— r 








> L 


— *■ — x-*^ — 



SL 



Figure 4: Leading contribution to Bg — Bg mixing 
through ^ and Q interactions. Other diagrams dif- 
fer only by the placement of ^ rQl mass insertions, 
and are suppressed by additional powers of nig. 

where Mb, and fs, = (231 ±15) MeV [27] are the Bg 
meson mass and decay constant respectively; r/qco — 
1.7 is the QCD correction for the operator in Eq. 
p.l9p due to running from the scale Me down to 
[2i; -B2 ~ 0.80 and B^ ~ 0.93 are lattice "bag" 
parameters [29j for the singlet-singlet and octet-octet 
color structures arising from operator (13.19P , respec- 
tively. 

It is convenient to parametrize the contribution 
to Bg mixing from relative to the standard model 



one as 



{Bg\nsM+ne\Bg) ^ ^_ 
{Bg\'HsM\Bg) 



(3.21) 



where Cb, is a positive parameter and — vr < (j)g < -k 
is a phase. The standard model contribution can be 
extracted from the estimate given in |30|, [31] : 

(Bg\Hsu\Bg) « (8.0x 10-6 GeV)^(l ± 0.15) . 

(3.22) 

The 15% theoretical uncertainty shown above loosens 
the constraint on Cb, set by the measured Bg mass 
difference: Cb, ^ 0.98 it 0.15. Comparing Eqs. 
([3:2011 and ([3:21]) we find 



m, = l.lTeVx|C723|^^g— ; 

X (C|^ + 1-2C7b^cos0,)"'/^ , (3.23) 

and a less illuminating expression of (pg in terms of 
the phase of C23. For Me = 150 GeV, C23 = 0.2, 
Cb, = 0.9, and a small CP- violating phase (pg = 
—5°, we get = 568 GeV. However, if the phase is 
large, as suggested by the DO like-sign dimuon asym- 
metry [32], then is below the electroweak scale; 
for example (pg = —45° gives = 260 GeV. Such 



150 GeV\ 



(3.20) 
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Figure 5: Representative diagram for pair pro- 
duction of charged octo-triplets through gkion 
fusion with a {jj){Wbb) final state. The • 
symbol denotes dimension-5 operators induced 
by the ^ fermion. Similar diagrams lead to 
4j, {W+bb){W-bb),{W+bs){jj), or {jb){Wbb) final 
states. 

a light vector-like quark is not ruled out. Note that 
the main decay mode is likely to be ^''^ — )■ Q~^c — )■ 
(cs)c, so that ^ pair production leads to a 6-jet fi- 
nal state. The CDF search in a similar channel 
gives a lower limit on the 3j resonance mass below 
200 GeV. 

This model also contributes to 5 — )• 57 decays at 
the 1-loop level. Since these diagrams involve two 
mass insertions and suffer additional loop suppres- 
sion, we expect their contributions to be small. 

3.3 Dijet resonance plus a W boson at 
the Tevatron 

Pair production of octo-triplets, through their QCD 
couplings to gluons, gives rather large cross sections 
at the Tevatron, as shown in Figure [2j In the pres- 
ence of the vectorlike quark ^ and assuming that 
the trilinear coupling /Lie is small enough (see sec- 
tion 3.1), the main decay modes of are into a pair 
of jets {cb or cs) and into Wbb {Wbs is also possible, 
but at least one b quark is always present due to the 
decay through the off-shell top quark). One of the 
final states (see Figure [5]) arising from G+O" pro- 
duction is then {jj){Wbb), where j is any jet and 
the parantheses indicate a resonance at Mq. The 
branching fractions depend on the IC22I and IC33I 
parameters, and are also quite sensitive to Mq, as 
discussed at the end of section 3.1. We expect that 
next-to-leading order QCD corrections to this pro- 
cess, which affect both production and decays, in- 
crease the rate hy a K factor in the 1 — 1.5 range. 

The two b jets arising from the decay through 
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Figure 6: Partonic pT distributions for the quarks 
arising from the G+B" — {cs){W~bb) process (see 
Figure [5]) with Mq = 155 GeV. The c or s distri- 
bution (black solid line) peaks at higher pT and has 
a longer tail than the b and b distributions (blue 
dotted and red dashed lines). 

an off-shell top quark typically have energies below 
(Me — M]y)/2 — rrib, so are softer than those arising 
from the 2-body decay, which typically have energies 
around Me/2. Figure [6] shows the transverse mo- 
mentum of each quark in the {cs){Wbb) final state 
for Me = 155 GeV, computed with MadGraph 5 
[22j with model files generated by FeynRules ^23j . 
Given that the quarks from the 2-body decay have 
the highest pT, the invariant mass distribution of the 
two leading jets from the pp— >• — )• {jj){Wbb) 
process exhibits a peak near Mq. 

In order to compare this signal with the CDF 
dijet excess pS], we generate partonic events using 
MadGraph 5 for the pp — > 9+9~— > {jj)iWbb) pro- 
cess with VF— )• ev,^v,Tv. We then use Pythia 6.4 
[34J for hadronization and parton showering, and 
PCS 4 [35| for detector-level effects. We impost 
the same cuts as CDF [16]: lepton > 20 GeV 
and \rj^\ < 1, missing transverse energy > 25 
GeV, transverse W mass Mt{W) > 30 GeV, jet 
pip > 30 GeV and \r]^\ < 2.4, separation between 
jets |A77jj| < 2.5, azimuthal separation between the 
missing Et and the leading jet \A(j)\ > 0.4, and 
PTjj ^ 40 GeV for the leading dijet system. The 
resulting dijet invariant mass (m-jj) distribution for 
events with exactly 2 jets is shown in Figure [7] (solid 
red line) for Mq = 155 GeV and a branching frac- 

^We impose cuts on the PGS output using a modified ver- 
sion of the Chameleon package [36| . 
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Figure 7: Invariant mass distribution for the lead- 
ing two jets arising from the ©+0^ — t- {jj){Wbb) — )• 
iv + 4j process, where £ = e, fi, at the Tevatron 
with exactly 2 jets passing the cuts. The red solid 
line represents events in our simulation for 0(0^—)- 
WHb) = 40% and Me = 155 GeV. The data points 
with Icr statistical error bars are taken from the 
CDF excess region (Fig. 2 of |15j ) after the back- 
ground (including WW/WZ) has been subtracted, 
with the normalization of the GDF Wjj background 
increased by 1%. 

tion Bs = e(e+ ^ W+bb) = 40%. The rate for 
this process (before cuts and without including the 
W ^ iu branching fraction) is 

2^3(1 - ^3) a{pp e+G") ~ 3.2 pb . (3.24) 

The acceptance of the cuts is 6.2%, so that in 7.3 
fb~^ of data there are about 470 Wjj events due to 
0"'"0~ production. The high-mass tail of the nijj 
distribution is mainly due to events in which the 
two hardest jets come from different octo-triplets. 

To compare our simulated nijj with the CDF 
data shown in Figure 2 (left-side plot) of JT5] we 
need to subtract all standard model background. 
The CDF Collaboration has fitted the normaliza- 
tion of the large CDF Wjj background to the data 
assuming a Gaussian shape for the signal. In the 
presence of the wider shape arising from our 0"'"0~ 
signal the Wjj background normalization is likely 
to change; increasing it by 1% gives a reasonable 
agreement between our rrijj and the CDF data after 
background subtraction (Figure [7|) . 

If the K factor accounting for the QCD correc- 
tions is significantly larger than 1.0, then B3 should 
be decreased while keeping the rate in Eq. (I3.24p 
fixed. The highest data point, in the 152 — 160 



GeV bin could indicate that Me values larger than 
155 GeV are preferred. However, the jet reconstruc- 
tion performed by our PCS simulation is likely to be 
less efficient than the CDF reconstruction, so that a 
larger fraction of the hadrons is missed, reducing the 
jet energy. Thus, the dijet mass distribution in Fig- 
ure [7] is likely to be artificially shifted to lower rrijj 
compared to the data, implying that masses even 
below 155 GeV may be acceptable. For Me = 150 
GeV the cross section is larger by a factor of 1.24, 
so that an acceptable fit is obtained for a smaller 
^ 26%. 

The DO search [T7j in the same channel with 4.3 
fb~^ has ruled out a 1.9 pb signal at the 95% con- 
fidence level, based on the assumptions that the di- 
jet resonance X has a Gaussian shape with a width 
of 15.7 GeV and is produced like the Higgs boson, 
pp — ;> W* — )• WX, through a virtual W. Clearly, 
neither of these assumptions applies to our expla- 
nation for the CDF excess. The shape of our dijet 
invariant mass distribution is quite different than a 
Gaussian: it has a high tail below the peak due to 
final state radiation, and it has a long tail above 
the peak due to the two additional jets from Q de- 
cay. The different shape is important because the 
fit of the background plus signal could improve sig- 
nificantly in the presence of our flatter signal shape 
compared to the pointy Gaussian. The production 
through 0+0^ is also very different than through 
WX, and leads to a different acceptance. Hence, 
the DO result cannot rule out our Wjj signal. 

The requirement in the exclusive Wjj search [16] 
that exactly two jets pass the cuts rejects events aris- 
ing from 0+0" production where one of the b jets 
has pj, > 30 GeV. These events, however, show up 
in the inclusive Wjj search (Fig. 5 of jl5j ) where 
two or more jets pass the cuts. The normalization of 
the large Wjj background is fitted to the data inde- 
pendently in the exclusive and inclusive cases. The 
additional events mentioned above require the nor- 
malization of the CDF inclusive Wjj background to 
be reduced. Figure [8] shows that the QCD produc- 
tion of 0+0~ gives a W + n jet signal with n > 2 
that is consistent with the CDF data when the nor- 
malization of the CDF inclusive Wjj background is 
reduced by 3%. 

There are a few experimental tests of this inter- 
pretation of the CDF excess. Even though the two 
b jets are relatively soft, the fraction of events that 
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Figure 8: Same as Figure [7| except that two or 
more jets pass the cuts. The data points with error 
bars are taken from the CDF excess region (Fig. 5 
of [E]) after background subtraction with the CDF 
Wjj background normahzation reduced by 3%. 

have a 3rd jet that passes ah the cuts is large enough 
to allow the b tagging of the 3rd hardest jet. Fur- 
thermore, the additional two b jets allow the recon- 
struction of the full event. One complication here is 
that there is a large background from semileptonic 
tt events. Nevertheless, the signal has the property 
that the reconstructed W boson together with the 
two b jets form an invariant mass peak at M@, so 
that it can be separated from the background. 

Another test is the process where both octo- 
triplets decay through an off-shell t quark, pp — )• 
e+G" -)> {W^bb){W-bb). The rate for this is smaller 
by a factor of 2(1/^3-1) ^ 3 than for the {jj){Wbb) 
signal. Although this signal also suffers from a large 
tt background, it may be observable due to its rela- 
tively large rate of ~ 1 pb at the Tevatron. 

Given that the W boson in the {jj){Wbb) sig- 
nal originates from a decay through an off-shell top 
quark, there is no similar signal involving a Z boson 
or a photon. 

The process B+G^ — )• {Wbb){jj) may affect mea- 
surements of the ti cross section in the lepton-plus- 
jets final state. However, these measurements typ- 
ically rely on algorithms trained specifically to find 
top pairs and are, thus, less sensitive to new particles 
that decay into similar final states. Measurements 
involving 5-tags [37] may be sensitive to octo-triplet 
decays, but their VF-plus-jets background normal- 
ization is fitted to the data so that they do not nec- 
essarily constrain octo-triplet decays. Furthermore, 
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Figure 9: Same as Figure [5] except the pair of octo- 
triplets is resonantly produced through an s-channel 
color on. 

6-tagging efficiency decreases for softer jets such as 
our b and b (see Figure [6]) . 

3.4 Resonant production of 6+0 

A mass near 150 GeV also appears in another de- 
viation from the standard model: preliminary CDF 
data in the 36 final state shows an excess in the in- 
variant mass distribution of the leading two jets [4]. 
That deviation may arise from the 0*^0*^ — )• {bb){bb) 
process [3]. The transverse energy distributions of 
the jets in that case appear to favor a pair pro- 
duction mechanism through an s-channel resonance 
rather than through QCD. The simple renormaliz- 
able coloron model presented in [3| can be easily 
adapted to include the octo-triplet discussed here. 
It is sufficient to charge the scalar field S (respon- 
sible for breaking the SU{2>) x 5C/(3) extension of 
the QCD gauge group [Ml) under SU{2) x U{1)y, 
as proposed in |39j . The color-octet scalars present 
in the spectrum can be identified with our 0^ and 
(although a small mass splitting can be induced 
by the Higgs VEV), and they couple to the coloron 
field G' as follows 



' 2tan6' 



Q^-^d^Q^~+ H.c. 



cO 



(3.25) 



Here tan^ is a parameter in the 0.1 — 0.3 range. The 
coloron couples to quarks proportional to g'stan^, 
while it couples only in pairs to gluons at renormal- 
izable level [2]. Thus, single G'^ production proceeds 
entirely through quark-antiquark collisions. 

The resonant pp — )• G'^ — 0+0" production 
(Figure [9]) may be an order of magnitude larger than 
QCD pair production [3j. This theory preserves the 



10 



- 100 



> 

O 

00 



c 

> 



100 



Resonant 0"^© production 
Exclusive Wjj 
= 340 GeV 
Mqh- = 160 GeV 




200 F 



150 200 

mjj [GeV] 



250 



300 



Figure 10: Same as Figure [7] except that a coloron 
contributes in the s-channel to O+G" production. 
The blue sohd hne represents events in our simula- 
tion for e(e± ^ WHb) = 3.9%, Me+ = 160 GeV, 
Mg' = 340 GeV, tan 61 = 0.15 and Tc = 6.5 GeV. 
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Figure 11: Same as Figure [TOl except that two or 
more jets pass the cuts. The CDF data points are 
taken from Fig. 5 of [15] after baclcground subtrac- 
tion with the normahzation of the CDF Wjj back- 
ground reduced by 5%. 



good agreement with the CDF data shown in Fig- 
ure [7] provided the branching fraction B3 is decreased 
accordingly. The width of the coloron Tq/ is sensi- 
tive to tan 9 and to the octet masses. Assuming 
that the coloron decays only into qq, 0+0" and 
0*^0^ (additional decay channels may increase the 
width [3]), we find Tq/ in the 3.2 — 6.5 GeV range 
for Mqi+ = 160 GeV, tanO = 0.15, a coloron mass 
Mg' = 340 GeV, and Mqo in the 160 - 140 GeV 
range. For this set of parameters with Tg' = 6.5 
GeV we generate events as described in section 3.3. 
The invariant mass distribution of the leading two 
jets is shown in Figure [101 for a rate 

2^33(1 - ^33) a{pp ^G'^ 0+0") ~ 3.8 pb . (3.26) 

Acceptance (without including W branching frac- 
tions) is 7.3% for this process. The branching frac- 
tion inferred from the above rate is small, B3 = 
3.9%, implying that the coloron 0+0~ production 
dominates by an order of magnitude over the QCD 
0'''0~ contribution. Nevertheless, we include in 
Figure [10] both production mechanisms and their 
interference, as well as the electroweak 0+0" pro- 
duction. 

Figure [TT] shows the rrijj distribution in the in- 
clusive case {W plus two or more jets), with the 
normalization of the CDF Wjj background reduced 
by 5%. The subtracted data is consistently higher 
than the signal in the rrijj ~ 170—240 GeV range, so 
one could conclude that the QCD production mech- 
anism (see Figure [8|) provides a better description 



of the CDF data. However, next-to-leading order 
effects are not included in these figures, and it is 
conceivable that they sufficiently raise the high-mass 
tail of the resonant production shown in Figure [TTl 
Furthermore, the CDF result for the inclusive case 
(Fig. 5 of [IS]) does not include systematic errors. 
We also emphasize that our detector simulation us- 
ing PCS 4 [35] is only a rough approximation to the 
CDF full detector simulation. 

A better discriminant between the resonant and 
QCD production mechanisms is provided by the CDF 
kinematic distributions HQI for the exclusive search 



in the mjj w 115 — 175 GeV window. The trans- 
verse momentum distribution of the dijet system 
(Figure [T2|) shows that resonant production fits the 
data much better than QCD 0+0" production. We 
reach the same conclusion using the ARjj distri- 
bution of the angular separation between the two 
jets (Figure [T3I) . Although some of the data points 
are not well fitted (the pxjj = 72 — 80 GeV bin 
and the ARjj = 3.2 — 3.4 bin) by our theoretical 
predictions, the shapes of both the pxjj and Aii^j 
distributions are in remarkable agreement. In both 
Figures [12] and [13] we use the same background sub- 
traction as in Figure [Tj where only one background 
(Wjj with combined electron and muon contribu- 
tions) is rescaled (increased by 1%). We expect that 
a fit of the standard model background plus our sig- 
nal, where various background normalizations are 
allowed to vary, would improve the agreement be- 
tween 0+0~ production and the CDF Wjj excess. 
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Figure 12: pT distribution of the dijet system for 
events satisfying 115 GeV < rrijj < 175 GeV. The 
blue soUd Une is for a coloron with the same param- 
eters as in Figure [TOl while the red dashed line is for 
QCD e+e- production with Mq+ = 155 GeV. The 
CDF data points with statistical error bars are taken 
from Fig. K9 of [40j after background subtraction 
consistent with Fig. [71 
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Figure 13: Same as Figure [12] for the angular sepa- 
ration ARjj of the two leading jets (CDF data taken 
from Fig. K7 of [40j). 



3.5 LHC Signals 

QCD 0+0^ production, which proceeds through 
gluon-gluon collisions, is two orders of magnitude 
larger at the 7 TeV LHC than at the Tevatron (see 
Figure [2]), so that the {jj){Wbb) signal discussed in 
section 3.3 will soon be within the reach of the CMS 
and ATLAS experiments. Using typical parameters 
that explain the CDF dijet resonance, B3 = 40% 
and Me = 155 GeV, we find that the process in 



Figure [5| has a leading-order rate (before cuts) of 

a{pp G+G~^ {jj){lvbh)) ~ 52 pb , (3.27) 

where I = e,(j.. Furthermore, the {W^bh)[W~hb) 
process also has a large rate, suppressed only by a 
factor of 2(1/^3 — 1) f« 3 compared to {jj)iyV^bb), so 
the fully leptonic {i'^ vbb){l~ vhb) signal has a cross 
section of 3.7 pb and will also be soon within the 
reach of the LHC. 

In the non-minimal model (section 3.4 and Fig- 
ure [9]) where resonant G'^ —J- B"^G~ production is 
the main process responsible for the CDF excess, the 
{jj){ivhb) rate at the 7 TeV LHC is reduced by a 
factor of ~ 5 compared to Eq. (13.271) . due to smaller 
parton distributions for quark-antiquark coUissions: 

a{pp ^G'^ e+G"^ {33){Mh)) ~ 10 pb . (3.28) 

Although QCD G^0^ production is still present 
in the coloron model, explaining the CDF signal 
requires a 10 times smaller branching fraction, 
which reduces the gluon initiated contribution to the 
{jj){Whb) signal. The smaller B-^ ^ 3.9% also sup- 
presses the {W^bb){W~bb) signal in this model (the 
rate is 43 fb). 

While our analysis has emphasized the region 
around Mq = 150 GeV, future searches could dis- 
cover much heavier octo-triplets which decay into 
final states involving top quarks. For non-negligible 
values of the C33 parameter, the processes 0+0^ — 
{tb){tb) and 0°0° — > 4t are important tests of the 
octo-triplet decaying through higher-dimensional op- 
erators (these final states have been studied in [H]). 



4 Conclusions 

We have shown that the renormalizable extension 
of the standard model with one octo-triplet (i.e., a 
scalar in the adjoint representation of the standard 
model gauge group) involves two new parameters: 
the octo-triplet mass Mq and cubic self-coupling 
fiQ. For fi^/Me » 10~^ GeV the charged octo- 
triplet almost always decays into Wg in the absence 
of other new particles. The rate for this 1-loop pro- 
cess is accidentally suppressed (see Appendix C), 
but the decay is prompt as long as Hq/Mq > 10""^ 
GeV. The neutral octo-triplet decays to Zg or 75, 
with widths comparable to that for ^W^g. For 
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HQ 0, the main decay is a tree-level 3-body pro- 
cess, 6^ — >• Q'^e^u, with a displaced vertex, while 
e° is stable. 

At the Tevatron and the LHC, octo-triplets are 
produced in pairs with relatively large cross sections 
(see Figure 2). The main signatures are 

Q+Q- ^{W+g){W-g) , (4.1) 
G^eO ^ {Zg)(Zg) , {Zg){jg) , (75) (75) • 

The rates for these processes suggest that Tevatron 
experiments can be sensitive to Mq up to a few hun- 
dred GeV, and LHC experiments to Mq above 1 
TeV; however, more precise sensitivity estimates re- 
quire detailed studies of the backgrounds. 

Since octo-triplets have very small widths, de- 
cays through higher-dimensional operators may com- 
pete with the 1-loop processes. Operators of the 
type QQpQ may be induced by a heavy vectorlike 
quark, and lead to the G"*" — )• tb decay for Mq > 175 
GeV. For a lighter octo-triplet, there is competi- 
tion between the 2-body decays G"*"— )■ cs or cb and 
the 3-body decays G+— ^ t*b — > Wbb or t*s — > Wbs 
through an off-shell top quark. The neutral octo- 
triplet decays mainly to bb, cc, W~^bc and W~bc for 
Mq ^ mt + rric, to tc and ic for larger masses below 
2mt, and to tt for masses above 2mf . For a range 
of parameters, the branching fractions for these de- 
cays are larger than the ones into a gluon plus an 
electroweak boson mentioned above. The collider 
signatures for Mq < 175 GeV then include 

G+G-^ {jc){Wbb) , {bc){Wbb) , {W+bb){W-bb) , 

(jc)(jc), (j6)(j6), 
G°G° ^ {bb){bb) , (66)(cc) , {bb){Wbc) , ... , (4.2) 

For a heavier octo-triplet the signatures are mainly 
itb){tb) and {tc){ic), while above 350 GeV the At 
final state also opens up. 

Signatures of pair production followed by one 
octo-triplet decaying through higher-dimensional op- 
erators and the other decaying into a gluon and an 
electroweak gauge boson at one loop are also pos- 
sible. These include G+G"^ {Wg){jc), G°Q° ^ 
{Zg){cc) or (73) (cc) and similar processes involving 
b quarks (or t quarks if kinematically allowed) . 

Some of the final states mentioned above, namely 
{jc){Wbb), {jc){Wbj), {jc){Wg), may be relevant to 
the CDF excess [16| in the dijet resonance plus W 



search. In the case where decays mostly into cs 
and W~^bb, so that the process is pp — )• G"^Q~ — )• 
{cj){Wbb), we have shown that the b jets are sub- 
stantially softer than the jets originating from the 
G"*" —7- cs decay. Events where these b jets do not 
pass the CDF cuts could explain the dijet resonance 
plus W signal if G has a mass in the 150 — 170 GeV 
range. 

We have compared two production mechanisms 
of charged octo-triplet pairs: through the QCD cou- 
plings to gluons (these are always present due to 
gauge invariance), and through an s-channel reso- 
nance (we have focused on a coloron, but a Z' cou- 
pled to octo-triplets would not be very different). 
Both mechanisms are consistent with the CDF ex- 
cess in the dijet invariant mass distribution when 
exactly two jets are required to pass the cuts. In 
the inclusive case (two or more jets pass the cuts), 
QCD G"'"G~ production fits the CDF data more pre- 
cisely than resonant production. However, this dif- 
ference is not conclusive given that the low tail of the 
resonant production compared to the background- 
subtracted data may be due to systematic errors in 
the standard model background, and may also be 
corrected by a fit of the background (with several 
free normalizations, as usual) plus coloron signal. 
Other kinematic distributions obtained by CDF [40j 
can differentiate various models more effectively. We 
have shown that the shapes of the transverse mo- 
mentum distribution for the dijet system {pTjj) and 
of the angular separation distribution for the two 
leading jets (ARjj) agree rather well with the reso- 
nant mechanism while being quite different than the 
predictions of QCD G''~G~ production. 

It is intriguing that almost the same mass (~ 150 
GeV) appears in another deviation from the stan- 
dard model, namely the 36 CDF search [4|, which 
could be attributed to the G°G° {bb){bb) process 
[3]. Resonant production through a coloron also 
agrees better to various kinematic distributions in 
that case. 

The interpretation of the dijet plus W signal in 
terms of an octo-triplet decaying via an off-shell top 
quark can be tested by the 6-tagging of the third 
jet, or by the reconstruction of the Wbb peak at the 
same mass as the dijet peak. 

At the 7 TeV LHC, if octo-triplet production 
is through the QCD couplings to gluons, then the 
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dijet-plus-VF signal has a large cross section (52 pb 
for Mq+ = 155 GeV) because it is dominated by 
gluon fusion. In the case of dominant production 
through an s-channel resonance coupled to qq like 
the coloron, the LHC signal is reduced to ~ 10 pb. 

If the couplings of the vectorlike quark are com- 
plex, then tree-level exchange induces CP vio- 
lation in Bg — Bs mixing. For a vectorlike quark 
mass of a few hundred GeV (which is allowed be- 
cause its main decay is into three jets), this effect 
can be large enough to produce a significant part of 
the like-sign dimuon asymmetry observed by the DO 
Collaboration 1321. 



We note that similar final states can also arise 
from a fermiophobic octo-doublet field. However, 
this has nontrivial couplings to the standard model 
Higgs doublet, so the mass splitting between charged 
and neutral components may be large. By contrast, 
the tiny mass splitting between charged and neutral 
octo-triplets suppresses the tree-level 3-body decays. 
Furthermore, the neutral octo-doublet decays into 
gluons, while SU{2)]y symmetry forbids pure glu- 
onic decays of the neutral octo-triplet. 
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Appendix A: Feynman rules 

The Feynman rules for octo-triplets, derived from 
Eqs. (I2IT])-(1231), are given by: 



abc 



e 



' 




v/WV>t 




ig 5''^{p -q)f. 



e 



0+ 



</WV>t 



ig cos — q) 



er 



The Feynman rules involving photons are iden- 
tical to those involving a Z boson shown above but 
with the replacement gcosOw — ^ e. 

Appendix B: Tree- level octo-triplet 
decay 

In this appendix we compute width for the 3-body 
decay of the charged octo-triplet through an off-shell 
W, as shown in Figure [TH We define Pe,Pu, and po 
to be the outgoing momenta for e, and respec- 
tively. Using the Feynman rule from Appendix A, 
the amplitude for this process is 



M 



V2g' 



- 2pe-Pu 



u{Pe)-^oPLv{Pu) , (B.l) 



where we have used the e, u equations of motion in 
the massless lepton limit. Squaring the amplitude 
and summing over helicities we find 



{M^ - 2pe-Pu? 



(B.2) 



The decay width in the O"*" rest frame is then 



14 
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Figure 14: 3-body decay of the charged octo-triplet 
scalar through an off-sheh W boson. 



given by 
r(G+^G°e+i/ 



dE,. 



167r3 JO j^^j^^ 

^ Me+ {e-E^-Ee) + 2E^E, 
[M^-2Me+ {e-E.-Ee)] 

where e is the maximum lepton energy, 



, (B.3) 



2Mp, 



e+ 



(B.4) 



and E^^^ is the maximum positron energy for a 
fixed neutrino energy E^, 



El 



e-E^ 



1 - 2EjAh 



(B.5) 



The integrals in Eq. ()B.3P can be performed an- 
alytically, with the result 



r(e+^e°e+z^) 



e 2M2 • 



167rsin46'vi/M|+ V^e+' 

(B.6) 

where we introduced a function 



Q{x, r) = {1 + r — rx) In {l — x+rx^ +^x) 
1 



x\r +^ —^{1 + r — rx) 



yt 3 f-y 3 



+ ■ 



- + -r X {l — x)+rx 



with 



^ = ^ (x, r) = 2r + (1 — rx) 



1/2 



ln(l-2x) 
(B.7) 

(B.8) 



Interestingly, the expansion of r~^^(x,r) for |2;| < 1 
starts at x^, and the leading r-dependent term arises 
even later, at x^: 



Q{x,r) 



4 5 

r x 
T5~ 



1 + X + - (4-r) x^ 



+0(x^) . (B.9) 



Translating this expansion into a power series in 
6M = Mq+ — Mqo we find that the exact tree-level 
width of Eq. (IB.6h is given, up to corrections of order 

{6M)\ by 



r(e+^G°e+z^) ~ 



a2 (JM)' 



157rsin'^6liyM,'^ 



w 



3(5M) 



2M, 



e+ 



+ 



4 /9 



5M 



(B.IO) 



Appendix C: One-loop decay of a 
scalar octet into gauge bosons 

In this Appendix we compute the width for a color- 
octet scalar decaying to a gluon and a (massive or 
massless) vector boson V^, which proceeds through 
scalar 1-loop diagrams like those of Figure [TJ In 
particular, this computation applies to the process 
e± ^ W^g, 6° ^ 75 or Zg. 

We label the and gluon 4-momenta (polariza- 
tions) by pi (ei) and p2 (€2); respectively. Since the 
gluon is always transversely polarized (£2-^2 = 0), 
angular momentum conservation demands that the 
other vector also be transverse, so ei-pi = 0. Given 
that the contraction e^i,paPieiP2^2^ cannot arise 
from scalar triangle diagrams, the amplitude con- 
tains only two terms: ei- €2 and {ei-p2) {e2-pi)- Fur- 
thermore, by the Ward-Takahashi identity the am- 
plitude vanishes upon replacing 62 with p2, so that 
the most general amplitude due to scalar loops is 
given by 



M 



c 



'^re2- ^?:r^?:r )- (c.i) 



where /xe is the scalar trilinear coupling, g is the 
scalar-vector gauge coupling. My and Mq are the 
Vfj, and scalar masses. The dimensionless coefficient 
C is the only quantity that needs to be computed 
from loop integrals. 

We now compute the coefficient C for the process 
0"*" — )• W~^g by evaluating the 1-loop diagrams 



M 



d^k 



48i iJ:e9s9 



(2vr)4 ^k^^Mmp,+p2+kf-M^] 



X -61-62 



ev{P2 + k) (e2-fc) 

{p2 + kf-M^ 



(C.2) 
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where k is the loop 4-momentum and is the mass 
of the scalars running in the loop. The logarithmic 
divergences from the three diagrams cancel, and C 
in Eq. (jC.ip can be written as a Feynman parameter 
integral 



C 



dx 

^0 



dy- 



-3(1 - R^)xy 



. (C.3) 



with R 
obtain 

C 



\ — xy — X [1 — X — y) 
Myi//M^p. After integration over y we 



vr 



2(l-i?2) 
where we have defined 



vr 



1 +2J(i?) 



, (C.4) 



J{R) = dx Q-iJ^x^ In [l-R^x{l-x)\ . (C.5) 



For R the function J has the form 

0{R^) . (C.6) 



Jfi?) = -^ri-^-^ 
^ ^ 2 1 12 180 



After squaring the amplitude (IC.lj) and sum- 
ming over final state polarizations, we find the fol- 
lowing decay width: 



r(e+^ W+g) 



^^f{R) , (C.7) 



where we have assumed M^p = Me, as is the case 
for the octo-triplet (see Figure[I]), and 

1 



f{R)=^-C\l-R^ 



(C.8) 



with C depending on R as shown in Eq. ()C.4p . This 
function, which appears in all 1-loop decays dis- 
cussed in this paper, is accidentally suppressed by 
cancellations between terms involving various pow- 
ers of vr. To see this, consider the expansion around 
R = Mw/Me 0: 

f{R) = f{Q) + hR^ + f2R^ + 0{R'') , (C.9) 

Each of the above coefficients happens to be much 



smaller than order one: 

.2 N 2 



/(O) 



1 ~ 1.05 X 10^2 



-2 



-3.00 X 10 



9/7r2 vr f 3 /vr^ 



2.71 X 10 



-2 



(C.IO) 



The above value of /(O) agrees with that extracted 
from the width of an octo-doublet [l3] or octo-singlet 
[2] decaying into gg. 

Eqs. (jOTl) . (1091) and (IClOl) show that the 2- 
body decays of the octo-triplet into gauge bosons are 
suppressed by two orders of magnitude compared to 
estimates based on dimensional analysis. 
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